Background and objectives: Little data have been reported on protein molecular
| INTRODUCTION
Starch is composed of glucose polymers, the main biochemical component of wheat grain comprising about 60%-75% of the total. Starch is divided into amylose and amylopectin based on molecular structure. Amylose primarily consists of linear glucose chains that are linked by α(1 → 4) glycosidic bonds, and amylopectin is made up of chains of glucose molecules that are linked by α(1 → 4) glycosidic bonds with many branches attached by α(1 → 6) bonds. Wheat is classified into nonwaxy and waxy types based on the level of amylose and amylopectin Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture. USDA is an equal opportunity provider and employer.
in its starch. Starch in common wheat (nonwaxy wheat) is composed of approximately 18%-29% amylose (Singh, Singh, Isono, & Noda, 2010) , whereas waxy wheat starch is mainly amylopectin and contains <2% of amylose (Yasui, Sasaki, & Matsuki, 2002) . Amylose is primarily synthesized by granule-bound starch synthases that three Wx loci encode in hexaploid wheat. The waxy trait is expressed when all the three Wx loci are mutated to be null or nonfunctional (Nakamura, Yamamori, Hirano, Hidaka, & Nagamine, 1995) . In conjunction with a negligible level of amylose, waxy wheat starch has unique physiochemical properties, which include higher crystallinity, gelatinization temperature, and swelling power, as well as different pasting characteristics such as higher pasting viscosity and lower setback viscosity when compared to nonwaxy wheat (Caramanico et al., 2017; Shevkani, Singh, Bajaj, & Kaur, 2017; Yoo & Jane, 2002; Zhang, Zhang, Xu, & Zhou, 2013) . Waxy wheat also differs in processing quality as a consequence of the high level of amylopectin. The primary differences observed in bread-making include inferior dough-mixing characteristics and bread internal structure, but higher water absorption, loaf volume, and crumb softness for waxy wheat (Blake et al., 2015; Caramanico et al., 2011; Graybosch, Souza, Berzonsky, Baenziger, & Chung, 2003; Guan, Seib, Graybosch, Bean, & Shi, 2009; Hung, Maeda, & Morita, 2007; Purna, Miller, Seib, Graybosch, & Shi, 2011; Sayaslan, Seib, & Chung, 2009; Zhang et al., 2013) . Waxy wheat flour led to technical difficulties with the wet-milling process when using dough-washing methods to fractionate gluten and starch (Guan et al., 2009; Sayaslan, Seib, & Chung, 2006) . Dough mixed from waxy flour was observed to lose cohesiveness, which accompanied incomplete separation of starch from the gluten mass during dough kneading and washing (Guan et al., 2009; Sayaslan et al., 2006) . Waxy wheat flour improves bread-making quality when blended with nonwaxy flour by increasing water absorption, loaf volume, and crumb softness. As long as the waxy flour is blended with nonwaxy flour, the negative aspects of using waxy flour for baking, such as poor bread internal structure and postbaking shrinkage or collapse, do not manifest (Blake et al., 2015; Purna et al., 2011; Ramachandran, Hucl, & Briggs, 2016) . Waxy wheat is also a valuable source of unique starch and vital gluten. However, a limited level of waxy wheat might have been used in commercial baking and wet-milling due to technical difficulties.
Wheat gluten has a visco-elastic characteristic, which provides flour with unique dough-mixing and gas retention capacity and plays an important function to produce superior quality end-use products like bread. Higher gluten elasticity or strength is usually preferred in hard wheat because of greater tolerance to processing and better quality of baked goods produced with it. Sayaslan et al. (2006) suggested that the inferior dough-washing characteristics of waxy wheat flour might arise due to weaker gluten strength than that of nonwaxy flour. However, glutens isolated from nonwaxy and waxy flour samples did not differ for their functions in dough-mixing characteristics (Sayaslan et al., 2009) .
Protein molecules, the main biochemical component of gluten, have a predominant influence on gluten quality. In particular, protein molecular weight distribution (MWD) parameters that are analyzed using a size exclusion HPLC (SE-HPLC) were significantly associated with quality traits related to gluten strength (Gupta, Khan, & MacRitchie, 1993; Ohm, Hareland, Simsek, & Seabourn, 2009; Ohm, Simsek, & Mergoum, 2018) . Among protein MWD parameters, polymeric proteins that are primarily composed of glutenin subunits (GSs) linked by disulfide bonds were specially identified as an important factor influencing the elastic characteristic of gluten in nonwaxy wheat genotypes. To be more specific, the polymeric proteins showed different correlations with gluten strength traits according to solubility in SDS buffer solution. The SDS-extractable polymeric proteins (EPP) had negative correlations with gluten strength traits whereas SDS-unextractable polymeric proteins (UPP) had positive correlations for nonwaxy wheat genotypes (Gupta et al, 1993; Ohm et al., 2009 Ohm et al., , 2018 . There have been a few reports on protein MWD parameters for waxy wheat. Sayaslan et al. (2009) reported that waxy flour UPP content was lower than nonwaxy flour, while Guan et al. (2009) identified waxy wheat genotypes that had higher UPP than nonwaxy cultivars. Jonnala et al. (2010) reported that UPP was significantly correlated with gluten strength parameters for near-isogenic lines of partial waxy and waxy bread wheat samples.
Waxy wheat genotypes that have improved processing quality have been developed recently through plant breeding efforts (Caramanico et al., 2018; Graybosch, Ohm, & Dykes, 2016) . For instance, winter waxy wheat genotypes that had about the same gluten index and dough-mixing characteristics as nonwaxy cultivars were identified, which indicates that improved quality waxy wheat cultivars can be developed (Graybosch et al., 2016) . In particular, for the development of waxy genotypes which has improved gluten quality, information on the variation of protein composition would be highly useful. However, little information is available for variation of protein composition in winter waxy wheat, particularly for MWD parameters, although they were shown to be highly correlated with gluten strength in nonwaxy wheat. In sequence of the previous report (Graybosch et al., 2016) , this research aimed to investigate the variation in protein MWD parameters and their associations with mixing and gluten characteristics in winter waxy wheat lines. 
| Materials
Fifty waxy winter wheat breeding lines (Graybosch et al., 2016) grown in 2 years were analyzed for protein MWD parameters and investigated for their variations and correlations with quality traits related to gluten strength. Waxy wheat samples were the cultivar "Mattern" and 49 waxy experimental breeding lines. Nonwaxy hard winter wheat samples were also entered for comparison purpose. The nonwaxy genotypes were two advanced breeding lines, NW07505 and NI08708, and 16 cultivars, which were Overland, Camelot, Freeman, McGill, Mace, Millennium, Settler CL, Goodstreak, Pronghorn, Robidoux, Wesley, Infinity CL, Nuplains, TAM111, Alice, and Jagalene. The wheat genotypes were grown during the 2013 and 2014 harvest seasons, in randomized complete block design with three replications. Samples of two field replications were analyzed in this experiment due to the deficiency of some samples. Mixograph peak time, Glutomatic gluten index, and HMW-GS composition data that were published in a previous report (Graybosch et al., 2016) were used to see associations with protein MWD parameters; hence, the procedures of analyses of those traits were the same as described by Graybosch et al. (2016) .
| Protein MWD analysis
Protein MWD parameters were analyzed using an SE-HPLC as described by Gupta et al. (1993) and Ohm et al. (2009) . Extractable and unextractable protein fractions were obtained from flour samples (10 mg, 14% mb) using an SDS buffer solution (0.5% SDS and 0.5 M sodium phosphate, pH 6.9). The SDS-extractable protein fraction was solubilized in 1 ml of buffer solution by shaking flour sample for 5 min at 2,500 rpm using a vortex mixer (Pulsing Vortex Mixer; Fisher Scientific). The extractable protein fraction was separated by centrifugation at 20,000 g (Eppendorf Centrifuge 5424, Hamburg Germany) and then filtered through a 0.45-µm polyvinylidene difluoride syringe filter. The unextractable proteins were solubilized by sonicating the residue in 1 ml of the buffer solution for 30 s at 10 W power setting (Sonic Dismembrator 100; Fisher Scientific). The supernatant separated by centrifugation was filtered as described for extractable fraction. The SDS-extractable and unextractable protein fractions were heated at 80°C for 2 min immediately after filtration to prevent protein hydrolysis, and 10 µl volumes of the fractions were injected individually for SE-HPLC.
Size exclusion HPLC was done on a liquid chromatograph (Agilent 1100; Agilent Technologies, Santa Clara, CA, USA) loaded with a size exclusion narrow-bore column (300 × 4.5 mm, BIOSEP SEC S4000; Phenomenex, Torrance, CA, USA) and a guard cartridge (BIOSEP SEC S4000; Phenomenex). The SE-HPLC system was run at the flow rate of 0.5 ml/min using an isocratic mobile phase of 50% acetonitrile and 0.1% (v/v) trifluoroacetic acid aqueous solution. Absorbance data were attained at 214 nm by a photodiode array detector (Agilent 1200; Agilent Technologies, Santa Clara, CA, USA). UV absorbance data were analyzed by in-house programs that were coded using the Matlab software (The MathWorks, Natwick, MA, USA) as described by Ohm et al. (2009) . SE-HPLC profile was divided into three fractions (F) as follows, F1: 3.5-5.7 min, F2: 5.7-6.6 min, and F3: 6.6-7.8 min. The absorbance area values of those three protein fractions were converted into percent values based on flour (% flour) (Park, Bean, Chung, & Seib, 2006) and total absorbance area (% area) (Ohm et al., 2009) . Linear correlation coefficients (r) were calculated between the UV absorbance data and quality parameters and presented as a continuous spectrum over retention time for each 0.01-min retention interval (Ohm et al., 2009 ).
| Statistical analyses
SAS for Windows was used for statistical analyses (SAS 9.4; SAS Institute, Cary, NC, USA). Combined analysis of variance was performed using the "MIXED" procedure. The "CONTRAST" option within the "MIXED" procedure was used to test the significance of variation within nonwaxy genotypes and within waxy genotypes, and their interaction with year. The least significant differences values that were calculated using the standard error and the degree of freedom obtained in "MIXED" procedure were used to compare sample mean values. The "CONTRAST" option was also used to compare the effects of the HMW-GS compositions for waxy wheat. Correlation coefficients were calculated using the mean values of genotypes individually for waxy and nonwaxy types in two harvesting years.
| RESULTS AND DISCUSSION

| Variations for protein MWD parameters
Size exclusion HPLC fractions (F1-3) were reported to be composed primarily of polymeric proteins for F1, gliadins for F2, and albumin and globulins for F3 (Larroque, Gianibelli, Batey, & MacRitchie, 1997; Malalgoda, Ohm, Meinhardt, & Simsek, 2018) . Protein MWD parameters were derived from UV absorbance data of those three fractions and were used for data analysis. Parameters consisted of percent values of those three fractions that were converted based on flour weight (EF1, EF2, and EF3 for extractable fractions and UF1, UF2, and UF3 for unextractable fractions) (Malalgoda et al., 2018) . Percent values based on total UV absorbance area could represent the proportions of individual protein fractions in total protein. They were also calculated for the three fractions of extractable proteins (EP1, EP2, and EP3) and unextractable proteins (UP1, UP2, and UP3). Table 1 shows data of protein MWD parameters given as mean, standard error, minimum, and maximum values of nonwaxy and waxy genotypes for individual harvest years. Among percent flour values of extractable fractions, EF1 mean values differed significantly (p < 0.05) between waxy and nonwaxy types for 2013 and 2014. Waxy wheat showed a significantly higher mean for EF2 in 2013 and a lower mean for EF3 in 2014 than nonwaxy types. For percent area data of extractable fractions, waxy types showed a higher mean for EP1 and lower mean values for EP2 and EP3. Statistical analysis indicated that only the EP3 mean showed significant difference in 2013 while all the three parameters (EP1-3) differed significantly in 2014 between waxy and nonwaxy types.
All the parameters of the extractable fraction (EF1-3 and EP1-3) were observed to have significant difference between years except for EF2 in ANOVA (Table 2) . Specifically, the waxy types did not show significant differences for EF2 between years. Waxy genotypes were also observed to show nonsignificant effects on flour protein content across growing years (Graybosch et al., 2016) . The main component of EF2 is gliadins, which have been observed to associate highly with the quantitative variation of proteins due to environmental influence in regular wheat and with total grain protein concentrations . Correspondingly, the nonsignificant year effect on total flour protein concentrations (FPC) (Graybosch et al., 2016) could be due to the small quantitative variation of gliadins in the waxy types.
Nonetheless, variations of all the extractable protein parameters were highly significant (p < 0.001) among waxy genotypes, indicating that significant genetic variation is present for extractable protein MWD parameters (Table 2 ) despite nonsignificant quantitative variation of FPC. The major component of EF1 was identified to be EPP (Larroque et al., 1997; Malalgoda et al., 2018) . The waxy genotypes showed numerically larger mean square values for the EPP parameters (EF1 and EP1) than nonwaxy genotypes. This was most likely due to the 2014 harvest samples that EF1 and EP1 showed larger standard error values and ranges for waxy entries than nonwaxy genotypes (Table 1 ). Year by genotype interaction effect showed significant variation for EF1-3 but nonsignificant variation for EP1-3 for waxy genotypes ( Table 2 ). The year by genotype interactions for extractable parameters were not considered to be so high as to cause severe inconsistency of ranking for genotypes across years since the mean square values of the interaction were much smaller than those of genotypes.
Among unextractable protein MWD parameters, UF1 and UP1 mean values were significantly larger for waxy genotypes than nonwaxy genotypes (Table 1) . Waxy genotypes also showed wider ranges for UF1 and UP1 than nonwaxy genotypes. UF1 mainly comprises UPP (Larroque et al., 1997; Malalgoda et al., 2018) . This result was in agreement with the finding by Guan et al. (2009) that waxy genotypes had higher UPP content than nonwaxy cultivars. The difference of mean values for UF2 and UF3, and UP2 and UP3 was not notable between waxy and nonwaxy types.
ANOVA indicated that the effect of year was not significant for UPP parameters (UF1 and UP1) for both waxy and nonwaxy genotypes, indicating weak environmental influence on these parameters (Table 2 ). In contrast, the year effect was highly significant for UF2 and UF3, as well as UP2 and UP3 in both waxy and nonwaxy genotypes. Genotypes varied significantly for all the unextractable MWD parameters in both waxy and nonwaxy types, indicating that significant genetic variations should also be present for these parameters as observed for extractable parameters. The significant effect of genotypes was also reported for nonwaxy hard spring wheat . These results further indicate that the variation of protein composition should be associated with genetic factors in winter waxy wheat, which would suggest the usefulness of screening genotypes that have better protein composition. When compared with nonwaxy types, waxy genotypes showed smaller mean square values for UPP parameters while nonwaxy genotypes had smaller values for EPP parameters (Table 2 ). This indicates that the variability of UPP parameters might be lower for waxy genotypes than nonwaxy genotypes although they ranged more widely (Table 1 ). The interaction of year by genotype interaction was not significant for UF1 for both waxy and nonwaxy types, which was also conducive of strong genetic effect on UF1.
| Influence of variation of HMW glutenin subunits
Among the proteins in wheat, the glutenins are the major components of gluten proteins that provide elasticity to dough. Allelic variation of HMW-GSs has been observed to associate highly with gluten strength parameters (Payne, Nightingale, Krattiger, & Holt, 1987) . For the waxy winter wheat genotypes, variation of HMW-GS was also observed in previous research to have significant influence on the traits related to gluten strength such as gluten index and mixograph characteristics (Graybosch et al., 2016 ). The present study investigated the influence of HMW-GS composition on protein MWD in waxy wheat genotypes. Seven different groups of winter waxy wheat genotypes that produced different combinations of HMW-GS were compared for mean values of protein MWD parameters (Table 3) .
The EPP and UPP that are the primary components of polymeric proteins are supposed to be highly influenced by HMW-GS composition since polymeric proteins mainly originate from HMW-GS linked by disulfide bonds (Gupta et al, 1993) . The HMW-GS pairs, 5 + 10 and 2 + 12, which are coded at the Glu-D1 locus are already well known to have different influences on gluten strength in waxy wheat as well as nonwaxy wheat (Graybosch et al., 2016) . The Glu-D1 HMW-GS was also observed to have significant associations with variations of the protein MWD parameters in this research. The group producing HMW-GS 5 + 10 was lower for EF1 and EP1 than the group producing HMW-GS 2 + 12 when other HMW-GS a EF1, EF2, and EF3-extractable protein fraction % based on flour weight; EP1, EP2, and EP3-extractable protein fraction UV absorbance area %; UF1, UF2, and UF3-unextractable protein fraction % based on flour weight; and UP1, UP2, and UP3-unextractable protein fraction UV absorbance area %. Please refer to the method section for ranges of HPLC run time for individual fractions.
T A B L E 2
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| 307 composition coded at Glu-A1 and B1 locus is the same, with only one exception in which HMW-GS 5 + 10 had higher EF1 when other HMW-GS were 2* and 7 + 9 for the harvesting year 2014 (Table 3 ). The group containing HMW-GS 5 + 10 had higher UF1 and UP1 than the groups with 2 + 12 when the other HMW-GS were null and 7 + 9, or 2* and 7 + 9. For groups commonly containing 2* and 7 + 8, the difference between groups containing HMW-GS 2 + 12 and 5 + 10 was not as notable for UF1 and UP1 as it was for other groups. Variation at the Glu-B1 locus was also observed to influence gluten strength in waxy wheat (Graybosch et al., 2016) . When comparison was done between groups containing 7 + 8 and 7 + 9 in combination with 2* and 5 + 10, the group containing 7 + 8 had lower EF1 and EP1 values. The same groups did not show notable differences for unextractable parameters (UF1 and UP1). Extractable polymeric protein parameters were found to have negative correlations with gluten strength parameters whereas UPP parameters had positive correlations for wheat genotypes (Gupta et al., 1993; Jonnala et al., 2010; Ohm et al., 2009 Ohm et al., , 2018 . Based on these findings, the combination of HMW-GS, 2*, 7 + 8, and 5 + 10 was identified to be an ideal combination to produce gluten with improved elastic property for waxy wheat since wheat genotypes containing this HMW-GS combination had Means followed by the same letter in the same row were not significantly different at p = 0.05. b EF1, EF2, and EF3-extractable protein fraction % based on flour weight; EP1, EP2, and EP3-extractable protein fraction UV absorbance area %; UF1, UF2, and UF3-unextractable protein fraction % based on flour weight; and UP1, UP2, and UP3-unextractable protein fraction UV absorbance area %. Please refer to the method section for ranges of HPLC run time for individual fractions.
lower EPP parameters and higher UPP parameters than other genotypes (Table 3) . This speculation is supported by the observation by Graybosch et al. (2016) that waxy lines producing 7 + 8 in combination with 5 + 10 exceeded those of 7 + 9 with 5 + 10 in mixograph tolerance scores. Overall, these findings indicate that variation in HMW-GS significantly influences the protein MWD parameters, and the combination of desirable HMW-GS could result in improvement of protein composition, which would also improve gluten quality in waxy wheat.
| Correlations with mixograph peak time and gluten index
Molecular weight distribution parameters have been observed to have significant association with quality traits in nonwaxy wheat. Specifically, EPP and UPP parameters have been observed to have significant correlations with quality traits for nonwaxy wheat genotypes (Gupta et al., 1993; Ohm et al., 2009 Ohm et al., , 2018 . For winter waxy wheat genotypes, there have been few reports on the correlations between protein MWD parameters and quality traits partly due to the lack of waxy wheat line populations that showed diverse and large variability for quality traits. When a sample set shows greater diversity and variability, the sample set would be better for correlative research since it would help to see more distinctively the causative relationships between traits, as there would be a smaller chance of confusion due to coincidental associations. Waxy genotypes that were used in this study varied significantly for quality traits (Graybosch et al., 2016) and, therefore, were considered to be valuable materials for the study of correlations of protein MWD parameters with gluten strength parameters. The correlation coefficient (r) was calculated for waxy wheat genotypes as well as nonwaxy wheat cultivars in order to see associations between MWD parameters and two representative characteristics of gluten strength, mixograph peak time, and gluten index (Table 4 ). The quantitative variation of FPC did not appear to have significant influence on mixograph peak time and gluten index since FPC had low correlations with them for both waxy and nonwaxy genotypes. The significant correlation coefficient (r = −0.32, p < 0.05) that was indicative of a negative influence of FPC on mixograph peak time appeared solely for the waxy wheat lines harvested in 2014.
Despite the low correlations estimated for FPC, some protein MWD parameters were highly correlated with both mixograph peak time and gluten index ( Table 4 ). The EPP, in particular, had high correlations with mixograph peak time for both waxy and nonwaxy wheat genotypes. Figure 1 shows a continuum of r-values that were calculated between UV absorbance area of SE-HPLC and mixograph peak time at a 0.01 min interval over a chromatogram for waxy and nonwaxy wheat samples in two harvesting years (Ohm et al., 2009) . The larger absorbance area of a specific protein fraction represents the higher percent of the fraction in flour. Notable negative r-values were estimated around F1, which reflects the strong negative influence of EPP on mixograph peak time for wheat genotypes. Despite the larger sample number, the waxy genotypes showed, numerically, the most negative r-values, implying a higher level of statistical significance for waxy genotypes than for nonwaxy genotypes for the 2013 samples.
For the EF1, which was percent of extractable F1 based on flour weight, waxy wheat genotypes also showed more negative r-values than nonwaxy genotypes (Table 4) . For EP1, which represents the proportion of EPP in the total amount of protein, more negative r-values also appeared for waxy genotypes than for nonwaxy genotypes. The more negative r-values for EPP parameters might arise from the higher variability of those parameters in waxy genotypes as indicated by numerically greater mean square values and wider ranges than those of nonwaxy genotypes (Tables 1  and 2 ). Glutomatic gluten index which is a measure of strength of extracted gluten was also correlated significantly with EF1 and EP1 for both waxy and nonwaxy genotypes. However, when comparing r-value differences between waxy and nonwaxy genotypes, waxy genotypes showed numerically less negative r-values, which suggested a comparatively lower degree in association of EPP parameters with gluten index than those that occurred with mixograph peak time.
The unextractable parameters had positive r-values with mixograph peak time and gluten index, suggesting possible positive effects of unextractable proteins on gluten strength (Table 4) . UF1 was not consistent for significance levels of correlations with mixograph peak time for both years. UF1 showed significant (p < 0.05) r-values with mixograph peak time only for 2014 nonwaxy genotypes and 2013 waxy genotypes. Between UF1 and gluten index, r-values were significant (p < 0.05) for all of the sample sets except for the waxy 2014 samples. In contrast, the UP1 was significantly correlated with mixograph peak time and gluten index for all the sample sets in 2013 and 2014. However, the waxy genotypes in 2014 showed a lower level of significance (p > 0.01) for the correlation between UP1 and gluten index than other sample sets (p < 0.01 or 0.001).
These results indicate that variations of EPP and UPP parameters are significantly associated with gluten strength parameters in waxy wheat genotypes as was observed for other nonwaxy samples (Gupta et al., 1993; Jonnala et al., 2010; Ohm et al., 2009 Ohm et al., , 2018 . Specifically, the correlation analysis in this experiment indicates that the proportions of EPP and UPP in the total proteins have higher degree of associations with gluten strength parameters than the quantities of the fractions in flour. When comparing r-values, EPP and UPP parameters tend to associate with gluten index to a lower degree than with mixograph peak time.
One possible reason for the difference might be due to the influence of biochemical components other than proteins. Sayaslan et al. (2009) reported that waxy flour had higher T A B L E 4 Correlation coefficients of protein molecular weight distribution parameters with mixograph peak time and gluten index among nonwaxy (n = 18) and waxy (n = 50) genotypes for individual harvest years b FPC = flour protein content (%); EF1, EF2, and EF3-extractable protein fraction % based on flour weight; EP1, EP2, and EP3-extractable protein fraction UV absorbance area %; UF1, UF2, and UF3-unextractable protein fraction % based on flour weight; and UP1, UP2, and UP3-unextractable protein fraction UV absorbance area %. Please refer to the method section for ranges of HPLC run time.
F I G U R E 1 Plots of correlation coefficient (r) spectra between mixograph peak time and UV absorbance area values of size exclusion HPLC for SDS-extractable proteins in waxy (n = 50 and) nonwaxy (n = 18) wheat genotypes [Color figure can be viewed at wileyonlinelibrary.com] fat and pentosan contents and lower starch content than nonwaxy flour in hard winter wheat. Pentosans are known to reduce the hydration and agglomeration of gluten proteins (Sayaslan et al., 2009) . Amylopectin molecules were also observed to be different in chemical structure between waxy and nonwaxy wheats. Differences in starch properties were also claimed to be factor in decreasing gluten quality for waxy wheat flour. Waxy wheat starch was observed to have higher water-retaining capacity than nonwaxy flour, which could reduce hydration of gluten and, consequently, gluten development during mixing (Blake et al., 2015; Guan et al., 2009 ). Yoo and Jane (2002) reported that amylopectins in waxy wheat had greater molecular weight and more compact structure than nonwaxy amylopectins. Caramanico et al. (2017) suggested that the differences in the structure of protein aggregate in dough between waxy and nonwaxy flour samples. They reported that waxy flour proteins aggregated more prevalently by hydrophobic interactions during mixing, making a stickier dough due to lower water mobility when compared to nonwaxy flour proteins.
| CONCLUSIONS
Protein molecules are the main components of gluten and have great influence on gluten quality. Particularly, variation of protein MWD has been reported to be significantly associated with gluten strength for nonwaxy wheat genotypes but few reports have been available for winter waxy wheat. This study investigated variations in protein MWD parameters and their correlations with gluten strength parameters for 50 winter waxy wheat genotypes together with 18 winter nonwaxy cultivars. ANOVA indicated waxy wheat genotypes varied significantly (p < 0.001) for EPP and UPP parameters, which are the major components of gluten proteins. This finding was highly suggestive of the presence of genetic variation for EPP and UPP parameters in winter waxy wheat genotypes. To be more specific, waxy genotypes showed greater mean square values for EPP parameters than nonwaxy genotypes, which is indicative of larger variability for waxy genotypes. In contrast, nonwaxy genotypes had larger mean square values of UPP parameters than waxy genotypes. Despite the possible lower variability, waxy wheat genotypes showed more widespread ranges for UPP parameters than nonwaxy wheat genotypes, meaning that waxy genotypes, which have better UPP composition, could be screened. The allelic variation of HMW-GS appeared to influence variations of EPP and UPP parameters in waxy genotypes. Waxy genotypes that possessed the HMW-GS pairs 5 + 10 and 7 + 8 had significantly (p < 0.05) greater mean values for UPP parameters as well as lower values for EPP parameters. Negative correlations for EPP and positive correlations for UPP were observed with two gluten strength related traits, mixograph peak time, and gluten index for waxy genotypes. Specifically, EP1 and UP1 (which are variables that represent proportions of EPP and UPP in total protein) showed significant (p < 0.05) correlations with mixograph peak time and gluten index. In particular, a highly significant (p < 0.001) correlation appeared between mixograph peak time and EP1 for waxy genotypes. Overall, these results indicated that winter waxy genotypes had significant variation for protein EPP and UPP parameters, which had strong influence on gluten strength in winter waxy genotypes The information should be very valuable in developing waxy wheat cultivars that have favorable protein composition, and consequently, acceptable gluten quality as well as unique waxy starch. Finally, waxy flour is also known to have different properties due to biochemical components other than proteins such as pentosan and starch, which have been known to have significant influence on gluten quality interacting with proteins in relation to water mobility. Therefore, further research on variations of these other biochemical components and associations with proteins and, in sequence, gluten may be helpful to improve gluten and dough-mixing quality in waxy wheat.
